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The quality of many macromolecular crystal struc-
tures published recently has been enhanced through
the use of new methods for treating the effects
of molecular motion and disorder on diffraction
patterns, among them a technique called translation,
libration, screw-axis (TLS) parameterization. TLS
parameterization rationalizes those effects in terms
of domain-scale, rigid-body motions and, interest-
ingly, the models for molecular motion that emerge
when macromolecular diffraction data are analyzed
this way often make sense biochemically. Here it is
pointed out that all such models should be treated
with caution until it is shown that they are consistent
with the diffuse scatter produced by the crystals that
provided the diffraction data from which they derive.
INTRODUCTION
In macromolecular crystal structures all atoms are assigned
exact locations and crystal structures are generally interpreted
assuming those positions are immutable. In fact, the positions
of atoms in macromolecular crystals are constantly changing
due to thermal motions and the PDB files in which the atomic
coordinates of macromolecular crystal structures are recorded
include information about those motions. It is contained in the
lists of B factors (also known as ‘‘Debye-Waller factors’’ or
‘‘temperature factors’’), which are proportional to the variances
of atomic positions in crystals. Atoms with big B factors are likely
to be found far from their average positions, which are the posi-
tions reported for them in PDB files. Atoms with small B factors
stay closer to home.
Atomic motions reduce the intensities of the reflections in
diffraction patterns because they make the instantaneous struc-
tures of crystals vary from one unit cell to the next. The more
accurately the effects of these motions are accounted for during
refinement, the more accurate the structures that emerge.
However, the larger the amplitudes of these motions, the harder
it is to do that accounting. The reason is that motions depress
the intensities of Bragg reflections and the effect increases
with scattering angle. Thus the larger the amplitudes of the
atomic motions in a crystal, the lower the resolution of the
data that can be collected from it, and the lower that resolution,
the smaller the number of parameters that can be extracted from
the data. For the average macromolecular crystal structure, dataStructure 17, 1307–limitations normally allow atomic motions to be characterized
using only a single parameter, a B factor, which is proportional
to the variance of an atom’s excursions away from its mean
position, averaged over all directions. Only when the resolution
of the data is exceptionally high is it normally possible to take
account of the fact that the motions of atoms in crystals are
anisotropic.
The connection between resolution and structure refinement
just described explains the increasing popularity of the transla-
tion, libration, screw-axis (TLS) approach (Cruickshank, 1956;
Schomaker and Trueblood, 1968) for treating disorder in macro-
molecular crystals. TLS parameterization enables crystallogra-
phers to allow for the anisotropies of atomic motions when
solving the structures of crystals that diffract to resolutions
much lower than would otherwise permit, and the quality of
structures often improves significantly when they do so (e.g.,
see, Kuriyan and Weiss, 1991; Winn et al., 2001).
Used simply as a tool for optimizing structures, TLS parame-
terization is, at worst, innocuous. If the free R factors of a struc-
ture falls when it is refined by TLS methods, it must be that the
anisotropic B factors obtained better describe the crystal’s
diffraction characteristics than the isotropic B factors that they
replace. However, the premise of TLS parameterization is that
most of the atomic motions in crystals result from small, random
rotations, i.e., ‘‘librations,’’ and translations of assemblies of
atoms that, to first approximation, behave mechanically as rigid
bodies. Thus when applied to macromolecular crystals, TLS
parameterization yields descriptions of exactly the kinds of
domain-scale motions that interest biochemists and, not surpris-
ingly, biochemical significance has sometimes been imputed to
them (e.g., Holbrook and Kim, 1984; Holbrook et al., 1985;
Howlin et al., 1989; Papiz et al., 2003; Chaudhry et al., 2004; Kor-
ostelev and Noller, 2007).
The purpose of this essay is to remind the reader that the
observation that the free R factor of some crystal structure
went down when it was refined using some TLS-derived model
for molecular dynamics does not prove the model is correct,
although it may be as good a model as the data allow. The exis-
tence of other, quite different models that are as good or better
cannot be excluded a priori. That said, it is comparatively easy to
find out whether a particular dynamics model is plausible. This
can be done by comparing the diffuse scatter a crystal produces
with the diffuse scatter that model predicts. Before functional
significance is ascribed to any such model, it would seem
reasonable to ask that its proponents demonstrate its plausibility
by this means or, alternatively, make a few frames of data avail-
able to the public so that those who are interested can make
such comparisons.1315, October 14, 2009 ª2009 Elsevier Ltd All rights reserved 1307
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Diffuse Scattering Patterns and Molecular Motion
It has been known for roughly a century that unit cell-to-unit cell
variation in the positions of corresponding atoms, whether the
result of thermalmotion or static disorder, makes crystals diffract
X-rays in directions other than those consistent with von Laue’s
equations (James, 1965). The component of this non-Bragg
scatter relevant here is called ‘‘diffuse scatter’’ or ‘‘thermal diffuse
scatter,’’ and it is responsible for the quasi-continuous back-
ground on which the Bragg reflections in diffraction patterns
are superimposed. Figure 1, which is discussed at greater length
below, is a single frame of oscillation data obtained from a crystal
of 70S ribosomes from Thermus thermophilus. The thermal
diffuse scatter in this frame is dominated by a broad ring of inten-
sity at aBragg spacing of about 3.3 A˚, and in this regard this frame
is similar tomany another. (Diffuse rings of this sort are described
as ‘‘solvent rings’’ or ‘‘water rings’’ even though most of the
scatter they represent is produced by crystal disorder rather
than by solvent scatter per se [Glover et al., 1991].)
Unlike B factors, which report only on the variances of the
average position assigned individual atoms, diffuse scattering
patterns are sensitive to the physics responsible for those vari-
ances, and the effects are not subtle. Suppose crystals were
obtained of somemultiprotein complex that includes a lysozyme
molecule and suppose, improbably, that lysozymemotions were
the sole source of the diffuse scatter produced by those crystals.
Figure 1. A typical Frame of Macromolec-
ular Diffraction Data
This frame of data is part of a data set collected
from a crystal of 70S ribosomes from Thermus
thermophilus. The frame shown is a 0.3 oscillation
image obtained at APS on 24-ID-C, using a 333
CCD detector. (The division of the image into nine
squares is obvious.) The wavelength of the X-rays
used was 0.9795A˚, the detector was 500 mm
from the crystal, and the resolution at the (hori-
zontal) edge of the image is 0.3125 A˚1. This image
was provided by R. Evans and G. Blaha.
Figure 2A shows what the diffuse scatter
would look like in a still image similar to
Figure 1 if the lysozyme molecules in
question were undergoing small, ran-
dom, rigid-body translations of the sort
postulated in TLS parameterizations. Fig-
ure 2B shows what the diffuse scatter
would look like if the atoms in those lyso-
zyme molecules were undergoing ran-
dom translations of exactly the same
magnitude, but were doing so in a com-
pletely uncorrelated manner. The correct
B factor to assign to all lysozyme atoms
during the refinement of the structure of
this hypothetical crystal would be exactly
the same in both cases: 20 A˚2.
In the 1990s a lot of work was done on
the diffuse scattering patterns produced
by macromolecular crystals, which are an obvious feature of
the diffraction data collected from such crystals at synchrotron
light sources. It was shown that the character of the diffuse scat-
tering these crystals produce varies significantly from one
macromolecular crystal to the next; diffuse scattering patterns
are not always as amorphous as the one displayed in Figure 1
(Glover et al., 1991). Furthermore, substantial advances were
made in understanding the different kinds of disorder that might
account for them (e.g., Doucet and Benoit, 1987; Clarage et al.,
1992; Kolatkar et al., 1994; Thune and Badger, 1995; Wall et al.,
1997; Clarage and Phillips, 1997; He´ry et al., 1998; see also
Benoit and Doucet, 1995; Moss and Harris, 1995). Nevertheless,
surprisingly, there is still only a single paper that describes a
study in which a TLS-derivedmodel for macromolecular disorder
was tested by comparing the diffuse scattering pattern it implies
to real data (Perez et al., 1996).
On the Relationship between Crystal Disorder
and Diffuse Scatter
The theory of diffuse scattering can be approached several
different ways (Doucet andBenoit, 1987; Clarage et al., 1992;Wel-
berry and Butler, 1994; Mizuguchi et al., 1994). The simplest is the
one described by James (1965), and it leads to expressions similar
to thosepresentedearlierbyMizuguchi etal. (1994), amongothers.
Omitting constants that are of no concern here, I(S,t), the
intensity of the X-radiation scattered by some crystal at some
location in reciprocal space, S, at time t, is:1308 Structure 17, 1307–1315, October 14, 2009 ª2009 Elsevier Ltd All rights reserved
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Diffuse Scattering and the Motions of MacromoleculesFigure 2. The Effects of Translational Disorder on Diffuse Scattering
In both this figure and Figure 3, the structure responsible for the diffuse scatter shown is hen egg white lysozyme and the coordinates used to represent that
molecule are those reported for its tetragonal form by Nanao et al. (2005) (PDB 2BLX). All images show what the diffuse scatter would look like in a single still
taken from the overall, three-dimensional scattering pattern of the protein. In every case, the X-ray beam is directed down the z axis of the protein and the wave-
length is 1.0 A˚. At the corner of each still j(S)j = 0.707 A˚1. No allowance is made for solvent contrast effects.
(A) The diffuse scatter anticipated if the entire molecule moves as a rigid body and themotion can be described using an isotropic Gaussian, the variance of which
is 0.25 A˚2 (B factor = 20 A˚2).
(B) The diffuse scatter expected if each atom in the molecule moves in exactly the same way as in (A) but does so independently.
(C) The average transform of lysozyme in crystals where lysozyme molecules are experiencing either the disorder that leads to the diffuse scatter shown in (A) or
the disorder responsible for the diffuse scatter displayed in (B).
(D) The transform of lysozyme in the absence of any disorder whatever. Tomake these images easier to look at, their gray scales were set to different values. In (C)
and (D), black impliesR150,000 arbitrary units, while in (A), black isR100,000 units and in (B) it isR50,000 units. The pattern in (B) would be invisible otherwise.Structure 17, 1307–1315, October 14, 2009 ª2009 Elsevier Ltd All rights reserved 1309
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XX
expð-2piðuc  uc0 Þ$SÞ
3
XX
fifjexpð-2piðri  rjÞ$SÞ
3 expð-2piðdicðtÞ  dic0 ðtÞÞ$SÞ
(1)
The first two summations are over all unit cells, while uc is the
vector from the origin of the coordinate system to the origin of
unit cell c and uc0 is the corresponding vector for unit cell c
0.
The second pair of summations both run over all atoms in the
unit cell. fi and fj are atomic scattering factors of atoms i and j,
the dependence of which on jSj we ignore here. (jSj = 2sinq/l,
where q is half the scattering angle.) The average positions of
atoms i and j in the unit cell are ri and rj, respectively. dic(t) is the
displacement of atom i from its average position in unit cell c at
time t and djc0(t) is the corresponding vector for atom j in unit
cell c0. For every atom in every unit cell, dic(t) times the probability
of dic(t), integrated over all unit cells and over all time, i.e., over its
‘‘displacement distribution function,’’ is zero. This is also true of
the average value of the component ofdic(t) in any givendirection.
The Bragg component of the scattering of the crystal in ques-
tion is:
IðSÞBragg =
XX
expð-2piðuc  uc0 Þ$SÞ
3
XX
fifjexpð-2piðri  rjÞ$SÞ
3<expð-2piðdic$SÞÞ><expð-2piðdic0$SÞÞ>:
Expressions of the form < exp(2pi((di $ S)) > are evaluated by
expanding the exponential as a power series and averaging,
term by term, over the appropriate displacement distribution
function. By definition, the average value of the first order term
in (di $ S) has to be zero, and hence the first two terms in the
expansion are always:
<expð 2piðdi,SÞÞ>= 1 2p2<ðdi,SÞ2>+ :::::::;
where < (di $ S)
n > is the displacement distribution function-
weighted average of the dot product of S and the displacement
of atom i, raised to the nth power. Thus the first two non-zero
terms in this power series are always the same as the first two
terms in the power series expansion of exp(2p2(<(di $ S)2 >)),
and if the displacement distribution function of atom i is
Gaussian, then:
expð 2pið<ðdi,SÞ>ÞÞ= exp

 2p2<ðdi,SÞ2>

;
exactly. Thus it is usually reasonable to write:
IðSÞBragg z
XX
expð-2piðuc  uc0 Þ$SÞ
3
XX
fifjexpð-2piðri  rjÞ$SÞ
3 exp

-2p2

<ðdic$SÞ2>+<ðdjc0$SÞ2>

:
(2)
zT2
XX
fifjexpð-2piðri  rjÞ$SÞ
3 exp

-2p2

<ðdi$SÞ2>+<ðdj$SÞ2>

;
where T is the total number of unit cells in the crystal. (The
second version of Equation 2 is valid only when S obeys von
Laue’s equations.) The exponential decay terms in Equation 2
are conventional B factor expressions.1310 Structure 17, 1307–1315, October 14, 2009 ª2009 Elsevier LtdEquation 2 expresses the fact that Bragg scattering is deter-
mined by the average positions of atoms in unit cells because
at Bragg refection positions in reciprocal space, the Fourier
transform of the structure of a crystal is the linear sum of the
Fourier transforms of the electron density distributions of all its
unit cells, which must be T times the Fourier transform of the
average electron density distribution. Thus at Bragg reflection
positions in reciprocal space, I(S)Bragg = T
2(Fave(S))
2. On average,
atomic displacements are accounted for in real space by replac-
ing atomic electron density distributions with the convolution of
those electron density distributions with displacement distribu-
tion functions.
The scattering described by Equation 1 that is not accounted
for by Equation 2, time and space averaged, is the diffuse scatter
of a crystal, i.e., I(S)dif = < I(S,t)  I(S)Bragg >. Hence:
IðSÞdif =
XX
expð-2piðucuc0 Þ$SÞ
XX
fifjexpð-2piðrirjÞ$SÞ
3
h
<expð-2piðdicðtÞ  djc0 ðtÞÞ$SÞ>
 exp

-2p2

<ðdic$SÞ2>+<ðdjc0$SÞ2>
i
:
(3)
Once the first term in the square brackets in Equation 3 is eval-
uated, it is found that Equation 3 can be rewritten as follows:
IðSÞdif =
XX
expð-2piðucuc0 Þ$SÞ
XX
fifjexpð-2piðrirjÞ$SÞ
3 exp

-2p2

<ðdic$SÞ2>+<ðdjc0$SÞ2>

3

exp

4p2<ðdicðtÞ$SÞðdjc0 ðtÞ$SÞ>
 1:
(4)
Thus if the displacements of two (different) atoms do not corre-
late, their motions will not contribute to diffuse scatter because
the expression in square brackets will be 0.
To better understand the implications of Equations 3 and 4,
consider two extreme cases. First, suppose that in some crystal
the displacements of different atoms do not correlate at all. In
that case, the only terms in the double sum that will not be
zero are those that relate atoms to themselves and the diffuse
scatter will obey the following equation:
IðSÞdif =T
X
f2i
h
1 exp

 4p2<ðdi$SÞ2>
i
; (5)
a well-known result (James, 1965). However, if the motions of
atoms in the different unit cells of some crystal are uncorrelated,
but within unit cells some group of atoms is translating thermally
as a rigid body, then:
IðSÞdif =T
h
1 exp

 4p2<ðdi0$SÞ2>
i

XX
fifjexpð  2piðri  rjÞ$SÞ;
(6)
where the two sums run over all atoms in the rigid assembly in
question and d is the displacement vector for the entire rigid
body (Perez et al., 1996). (If there are several such rigid bodies
in the unit cell, each undergoing independent motion, the diffuse
scattering pattern produced by the crystal will be the sum of the
diffuse scattering patterns produced by each such unit sepa-
rately.) Figures 2B and 2A illustrate the difference between Equa-
tions 5 and 6, respectively.All rights reserved
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reciprocal space the average value of I(S)dif in any shell of
constant jSjwill be the same no matter whether atoms are trans-
lating independently or translating as rigid groups. Statistically,
the difference between the resulting diffuse scattering patterns
will lie in the variance of I(S)dif within shells, which will be zero if
atoms are translating independently and < I(S)dif > (< I(S)dif >
Pfi2) if atoms are translating as rigid assemblies, as can easily
be shown using Wilson statistics. Thus, uncorrelated motion
produces smooth diffuse scattering distributions while corre-
lated motion results in ‘‘lumpy’’ diffuse scattering distributions.
Even though intensity distributions like the one in Figure 2A
look random, they have a length scale and it is manifest in the
distance between adjacent maxima, which is roughly the same
everywhere in reciprocal space. That reciprocal space distance
is approximately the reciprocal of half the linear dimensions of
the objects undergoing correlated motion. In this instance, the
inter-peak distance corresponds to a distance of 20 A˚, which
is about the radius of lysozyme.
As noted earlier, in TLS parameterization procedures macro-
molecules are treated as assemblies of rigid groups of atoms
that undergo small, random translations, rotations, and screw
axis motions relative to each other. In addition, it is assumed
that there are no correlations between the motions occurring in
different unit cells and that each rigid group moves indepen-
dently (Winn et al., 2003). Thus, if the disorder in some crystal
really is TLS disorder, the diffuse scatter the crystal produces
should be describable using a more general form of Equation 6:
IðSÞdif =T
XX
fifjexpð  2piðri  rjÞ$SÞ
3
h
exp
 2p2<ðdiðtÞ  dðtÞÞ$S
2
>

 exp

 2p2

<ðdi$SÞ2>+<ðdj$SÞ2>
i
:
(7)
(Equation 7 is obtained from Equation 3 by assuming [1] that
molecular motions correlate only within unit cells, [2] that the
displacement distribution functions of corresponding atoms
are the same in all unit cells, and [3] that < exp(2pix) > =
exp(2p2 < x2 >).)
On the Diffuse Scatter Produced by Rotational Disorder
If the diffuse scatter observed in some crystal results from rigid-
body librations of some assembly about a single axis only, then
to first order in < 32 >, the variance of the distribution of rotations,
Equation 7 will have the following form:
IðSÞdif =T
XX
fifjexpð  2piðri  rjÞ,SÞ
3
h
exp

 2p2ððri  rjÞx1,SÞ2<32>

 exp

 2p2

ðrix1,SÞ2 +<ðrjx1,SÞ2

<32>
i
:
(8)
In this equation, ri and rj are vectors from an origin on the axis
of rotation to atoms i and j. The vector 1 is a unit vector coinci-
dent with the axis of the rotation. If more than one axis of libration
has to be taken into account, the first and second terms in
square brackets must be replaced by products of terms of
similar form, one for each rotation axis, and if the assembly is
also undergoing random, rigid-body translations, then the se-
cond term in the square brackets of Equation 8 must additionallyStructure 17, 1307–be multiplied by exp(4p2(< (d $ S)2 >)). If the motion of concern
is a screw motion, the first term in square brackets will be the
same as in Equation 8, i.e., it will have the same form it would
if the motion was a pure rotation. However, for both atoms
considered, the second term in square brackets will be:
exp

 2p2

ðrix1,SÞ2

+ 2aðrix1,SÞð1,SÞ+a2ð1,SÞ2

<32>

where a is the advance in the direction of the axis of rotation per
radian of rotation.
Greater insight into the effects of librational disorder can be ob-
tained if Equation 8 is rewritten in cylindrical polar coordinates
with the z axis coincident with the axis of rotation of the rigid
group of concern. In cylindrical polar coordinates, the Fourier
transform of a molecule is:
FðR;J;ZÞ=
X
expðinðJ p=2ÞÞ
3
X
fiJnð2pRriÞexpðin4iÞexp

-2piZzi

(Cochran et al., 1952; Klug et al., 1958). For objects of arbitrary
structure, the first sum, which is a sum over Bessel function
orders, runs from n = N to n = +N. Jn is the Bessel function
of order n and fi is the structure factor of the ith atom, which is
located at (ri,4i,zi). The second sum runs over all atoms. If amole-
cule is subject to rigid-body librations, then the Fourier-Bessel
equivalent of Equation 8 will be:
IðR;J;ZÞdif =T
XX
expðiðnmÞðJ p=2ÞÞ
3
XX
fifjJnð2pRriÞJmð2pRrjÞexp

i

n4i m4j

3expð 2piZðzi  zjÞÞ3
h
exp

 ð1=2ÞðnmÞ2<32>

 exp ð1=2Þn2 +m2<32>
i
:
By making a substitution that is standard in the Fourier-Bessel
field (i.e.,
gn

R;Z

=
X
fiJnð2pRriÞexpðin4iÞexpð-2piZziÞ; Þ
a simpler equation can be obtained:
IðR;J;ZÞdif =T
XX
expðiðnmÞðJ p=2ÞÞ
3
h
exp

 ð1=2ÞðnmÞ2<32>

 exp ð1=2Þn2 +m2<32>
i
gnðR;ZÞgmðR;ZÞ:
(9)
It is easy to show that in cylindrical polar coordinates, the
Bragg component of the total scatter is:
IðR;J;ZÞBragg =T2
XX
expðiðnmÞðJ p=2ÞÞ
3

exp
 ð1=2Þn2 +m2<32>gnðR;ZÞgmðR;ZÞ:
(10)
Comparison of Equation 9 and Equation 6 shows that the diffuse
scatter produced by librational disorder is qualitatively different
from the diffuse scatter generated by translational displacements.
Within any shell of constant jSj, the distribution of intensities in
diffuse scattering patterns caused by rigid-body translations is1315, October 14, 2009 ª2009 Elsevier Ltd All rights reserved 1311
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translations, as Figure 2 illustrates. Figure 2D is a single still from
the transformofa lysozymemolecule, assumingnodisorderwhat-
ever. Allowing for a small difference in gray scales (see the figure
legend), Figure 2D (=
PP
fifjexp(2pi(ri  rj) $ S); see Equation 6)
is clearly the sum of Figure 2A, the diffuse scatter that would be
observed in that same still if the protein was subject to that same
amount of translational disorder (= [1  exp(4p2(<(d $ S)2 >))]PP
fifjexp(2pi(ri  rj)$S)), and Figure 2C, the transform of that
same molecule attenuated by that same amount of translational
disorder (= + exp(4p2(<(d $ S)2 >))PPfifjexp(2pi(ri  rj) $ S))).
In contrast, it is impossible to recognize the parent transform in
the diffuse scattering patterns caused by rigid-body libration,
e.g., compare Figures 2D and 3B . The reason is that librational
diffuse scatter lacks all contributions from the Jo component of
the transform of the object that is librating, which makes sense
physically because the Jo term in Equation 9 is the Fourier-Bes-
sel transform of the cylindrically averaged structure of that
object. By definition, that aspect of its structure is invariant to
rotation around z.
Figure 3 presents some diffuse scattering patterns that further
explore the impact of rigid-body librations on diffuse scatter. The
object undergoing rigid-body rotations is a lysozyme molecule,
as before, and in all panels in Figure 3 its average orientation
with respect to the incident X-ray beam is the same and the
same as it is in all panels of Figure 2. Figure 3A shows the diffuse
scatter predicted if the molecule is translating normal to an axis
parallel to the incident X-ray beam that passes through its center
of gravity, while librating around that same axis. < 32 > is (2)2,
while < jdj2 > is 0.25 A˚2. This panel is to be compared with
Figure 2A, which it obviously resembles. (The disorder respon-
sible for the diffraction pattern in Figure 2A is translational
disorder only.) Figure 3B is plotted on a gray scale that has 1/5
the range of the gray scale in Figure 2A, and the diffraction
pattern it displays is caused by librations of the same amplitude
and orientation that contributed to pattern displayed in
Figure 3A. Figure 3C is just like Figure 3B except that the axis
of libration has been displaced perpendicular to the X-ray
beam by 5 A˚. Figure 3C faintly resembles Figure 2A, presumably
because the rotation responsible for it translates the center of
gravity of the protein to some degree. Figure 3D shows the
diffuse scattering predicted if the rotation axis is perpendicular
to the incident X-ray beam instead of parallel to it. The orientation
of the rotation axis is clearly horizontal in this instance.
On the Validation of Models for Molecular Dynamics
What should be done to validate TLS models or other models for
the dynamics of molecules in crystals experimentally? In the first
place, if no biochemical conclusions are to be drawn from them,
validation is unnecessary, for the reasons given in the Introduc-
tion. However, when that is not the case, models of this sort
should be held to a higher standard. For example some unpro-
cessed frames of data might be made available to the public,
perhaps as part of the supplemental material for a publication,
so that readers can judge whether the diffuse scatter manifest
in those frames is qualitatively consistent with there being
domain-scale, rigid body motions in the crystals in question.
Although obviously desirable, it would be much more chal-
lenging to test models for molecular motions by comparing pre-1312 Structure 17, 1307–1315, October 14, 2009 ª2009 Elsevier Ltdicted diffuse scattering patterns with measured data quantita-
tively. Methods for collecting the data required have been
worked out. For example, Wall et al. (1997) have shown how to
measure the nonspherically symmetric part of the diffuse scatter
produced by protein crystals. That component of the overall
diffuse scatter is the component of greatest interest here
because it should be non-zero only if the atoms in a crystal are
engaged in correlated motions.
Of much greater concern is the computation of the diffuse
scattering patterns to compare with measured data. Until algo-
rithms are discovered that are far more efficient than those I
have devised (see below), the computation of complete diffuse
scattering patterns will be practical only for crystals of small
proteins, e.g., lysozyme. Run on a computer that has a 2.4
MHz, quad-core cpu and 16 Mbytes of memory, the programs
I have written take 15 min to compute a single frame of diffuse
data for a domain the size of lysozyme undergoing TLS motions
and for a domain the size of the 30S ribosomal subunit it takes
36 hr to compute 20% of a single such frame. These difficul-
ties not withstanding, I would feel that the credibility of a TLS-
derived model for the motions of domains in a large, multido-
main structure had been strongly enhanced if its proponents
were to show that it predicts the nonspherical part of the diffuse
scatter of even a modest portion of a single frame of real oscil-
lation data.
DISCUSSION
As has often been pointed out in the past, and as Equation 2
confirms, the effects of disorder on the intensities of the reflec-
tions in a crystal’s diffraction pattern are entirely explained by
the displacement parameters of individual atoms taken one at
a time. Thus it is impossible to infer anything about the correla-
tions that may or may not exist between the motions of atoms
in a crystal if the only data taken into account are the intensities
of Bragg reflections. All models for those motions that predict
similar temperature factors will be equivalent. Figures 2A and
2B illustrate the implications of that critical point.
TLS parameterization is generally embarked on after the struc-
ture of some crystal has been solved and partially refined and at
which point all of its atoms will have been assigned isotropic B
factors (Winn et al., 2003). Guided by chemical intuition, the
user then defines the domains in the structure that are to be
treated as rigid bodies during TLS parameterization. Alterna-
tively, programs now available on the TLSMD server (http://
skuld.bmsc.washington.edu/tlsmd/) can be used to decide
how best to divide molecules into domains. However it is
done, the set of parameters describing the motions of those
domains that best accounts for the observed isotropic B factors
in some least-squares sense is then found. If the temperature
factors of the atoms in some domain are all similar, that fact
will be interpreted as evidence for rigid-body translations. If the
temperature factors of atoms on the surface of the domain are
larger than those of the atoms in its interior, which they are liable
to be in any case (Brooks et al., 1988), that will be taken as
evidence of librations. Thus no matter what is actually going on
in a molecule, a set of TLS parameters is guaranteed to emerge.
Before additional rounds of refinement are embarked upon,
those parameters are used to compute anisotropic thermald All rights reserved
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Diffuse Scattering and the Motions of Macromoleculesellipsoids for all atoms and once that is done, the means by
which those ellipsoids were obtained are of no consequence.
The reason TLS refinement can improve structures is not that
the models for domain motions used are necessarily correct,
although they may be, but rather that the motions of atoms in
most macromolecular crystals are anisotropic, and TLS param-
eterization provides a way of accounting for that anisotropy, at
least approximately. Good things happen when this is done;
electron density maps become easier to interpret and free R
factors fall. Since the number of parameters that need to be
Figure 3. The Effects of Rotational Disorder on Diffuse Scattering Patterns
See the legend of Figure 1 for details.
(A) The diffuse scatter shown results from a combination of isotropic, rigid-body, translational disorder that has a B factor of 20 A˚2 (see Figure 1A) and a Gaussian
rotational disorder that has a variance of (4)2. The librations in question are about an axis parallel to the incident X-ray beam. Black isR100,000 units.
(B) The diffuse scatter produced by rotational component of the disorder that contributes to the diffuse scatter shown in (A). Black isR20,000 units.
(C) This image displays the effect of rotational disorder of the same magnitude as that in (B) except that while the direction of the axis of rotation is the same as in
(B), it passes through a position in the protein that is 5 A˚ from the protein’s center of gravity.
(D) In this instance, the axis of rotation passes through the center of gravity of the protein, but is perpendicular to the X-ray beam rather than being parallel to it. The
magnitude of the rotation is the same as in all other panels.Structure 17, 1307–1315, October 14, 2009 ª2009 Elsevier Ltd All rights reserved 1313
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Diffuse Scattering and the Motions of Macromoleculesdetermined during TLS parameterization is generally orders of
magnitude smaller than the number that would otherwise have
to be determined to assign triaxial thermal ellipsoids to all of
the atoms in a structure individually, it can be applied to low reso-
lution structures.
Obviously, appropriate identification of the rigid units in
a structure is the key to obtaining TLS parameters that are not
only crystallographically useful but also biochemically relevant.
For small molecule crystallographers this is seldom a problem;
chemical logic can be relied on. In a small number of instances,
macromolecular crystallographers have been able to identify
rigid units the same way, with happy results (Holbrook and
Kim, 1984; Holbrook et al., 1985). However, it is much more
difficult to be sure what parts of a large macromolecular struc-
ture will behave mechanically as rigid bodies, if any. But
suppose that a TLS model is obtained that works at both the
crystallographic and the biochemical level. Can one then safely
conclude that the model in question is a usefully appropriate
description of the dynamical behavior of that macromolecule
in its crystals?
It is not obvious that the answer to the question just raised is
always going to be affirmative. For example, a recently reported
TLS refinement of the structure for the 70S ribosome from Ther-
mus thermophilus indicates that both ribosomal subunits librate
significantly around axes that are roughly normal to the subunit
interface (Korostelev and Noller, 2007). Thus one anticipates
that the diffuse scatter produced by those crystals should
resemble Figure 3B. (That expectation was confirmed by
computing a small portion of the diffuse scattering pattern that
would be seen if a rigid 30S ribosomal subunit in such a crystal
were undergoing libration [data not shown].) However, in the
diffuse scatter shown in Figure 1, which is a frame of data
obtained from crystals of the same ribosomes, there is no indica-
tion whatever of large-scale, correlated motions. This discrep-
ancy does not prove that the TLS model just referred to is
incorrect because it derives from data obtained from tetragonal
70S crystals (I422), while Figure 1 shows data from orthorhombic
crystals (P212121) (G. Blaha, personal communication). However
there are grounds for concern.
Clearly the acid test for this or any other proposal for the way
the atoms move in a crystal is to see if it correctly predicts the
diffuse scattering pattern obtained from that crystal. This conclu-
sion is just as applicable to normal mode approaches for
describing the motions of atoms in crystals as it is to TLS param-
eterization. Normal mode analysis is an alternative to TLS
parameterization for obtaining anisotropic thermal ellipsoids for
macromolecular crystal structures that have been solved to
modest resolutions. In normal mode approach, computations
are done on a crystal structure to identify its lowest energy,
normal modes of vibration. Anisotropic temperature factors
can be estimated for individual atoms using the displacements
predicted for them assuming that those modes account for
most of their motions (Kidera et al., 1994; Poon et al., 2007).
The advantages of the normal mode method are that its users
need not identify the rigid domains in macromolecules, if any,
and that the molecular motions that emerge from it are guaran-
teed to make chemical sense, in detail, which TLS motions
need not, even when the domains in some molecule have been
appropriately identified.1314 Structure 17, 1307–1315, October 14, 2009 ª2009 Elsevier LtdThe inverse problem, namely, the deduction of models for
molecular motions from diffuse scattering patterns, is difficult,
as experience with lysozyme crystals has amply demonstrated.
Unlike the diffuse scattering shown in Figure 1, the diffuse scat-
tering patterns produced by lysozyme crystals are highly struc-
tured and it follows that atomic motions in these crystals are
correlated. Caspar and colleagues, who were pioneers in this
field, proposed a simple model for such motions, namely that
themotions of pairs of atoms in a protein are highly and positively
correlated if they are neighbors and that the degree of correlation
falls off exponentially with the distance between them (Clarage
et al., 1992). Using that model, they computed diffuse scattering
profiles for lysozyme that resemble the ones produced by both
its triclinic and tetragonal crystals (Clarage et al., 1992). A few
years later, Benoit and colleagues addressed the diffuse scat-
tering from the same tetragonal crystals using a TLS approach
and, not surprisingly, the diffuse scattering profiles they com-
puted resemble Figure 3A (Perez et al., 1996). (Their paper
includes an interesting critique of the exponential decay model
of Clarage et al. [1992]) Later on, Smith and coworkers analyzed
the same system using molecular dynamics and concluded that
a good match between observation and computation could be
obtained by treating %5 residue sequences within lysozyme
as dynamic clusters (He´ry et al., 1998). Their computed diffuse
scattering patterns appear to fit the data better than those of
their predecessors, but the fit was still imperfect. Thus three
different dynamical models have been found that could plausibly
explain the diffuse scatter produced by lysozyme crystals, at
least qualitatively. There is certainly still work to be done on
this system, and it may be that, in lysozyme, atomic motions
correlate in ways that defy simple description.
Computations
In the course of these investigations, several simple-minded
Fortran programs were written to compute diffuse scattering
patterns. They were used both to confirm the equations provide
above and to produce Figures 2 and 3. In the initial stages of the
work, planes in reciprocal space were computed using two
different programs, one based on Equation 8 and the other on
Equation 9. The two programs gave results that agreed numeri-
cally to (±) 1%, which, given the several numerical approxima-
tions used in both programs, may correspond to round-off error.
It should be noted that while in theory the sum over Bessel func-
tion orders in Equation 8 should run from n = N to n = +N,
usefully accurate results will emerge if a finite range of orders
is considered, e.g., 50 to +50, because the contributions
of high order terms is negligible at modest values of jSj. Even
so, the run times for the Fourier-Bessel program were much
longer than those of the Fourier-Sine program. (Tomake compu-
tations run faster, it was assumed that the form factors of all
atoms have the same shape as that of carbon.)
Figures 2 and 3 show what the diffuse scattering intensity
distributions would look like in single stills taken from the
three-dimensional data sets obtained from a hypothetical
protein one subunit of which is a single molecule of lysozyme.
Implicitly the space group is P1. (Computations done by Benoit
and colleagues [Perez et al., 1996] show that diffuse scattering
patterns are just as lumpy as the ones shown in Figures 2 and
3 when there are several macromolecular domains movingAll rights reserved
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Diffuse Scattering and the Motions of Macromoleculesindependently in the unit cells of a crystal, not just one. This
observation is important because it suggests that the TLS
scatter profiles obtained from multidomain macromolecules is
unlikely to be smoothed by averaging.) Qualitatively, these still
images give the same impression as the sections that were
computed. In a few instances, frames of oscillation data were
computed, rather than stills. While oscillation does smooth
diffuse scattering patterns to some extent, the effect is too small
to make oscillation frames look qualitative different from stills.
Given how slowly the Fourier-Bessel program ran, it made no
sense to produce a version that would compute stills and so
Figures 2 and 3 are based on Equation 9. Those interested in
computing diffuse scattering profiles for their own crystals may
find it simpler to compute I(S)dif by using the fast Fourier trans-
form routines found in modern macromolecular crystallography
packages to calculate < I(S,t)  I(S)Bragg > directly, as recom-
mended by Benoit and coworkers (Perez et al., 1996). It should
be noted that for geometrical reasons, the intensity of diffuse
scattering patterns fall off systematically with scattering angle
as cos3(2q). Figures 2 and 3 were generated using GNUPLOT
(http://www.gnuplot.info/docs/gnuplot.html).
(The programs referred to above will be made available upon
request, even though they are far from polished and, from
a user’s point of view, extremely primitive. They may be useful
to those interested in developing the computational tools that
further investigations of diffuse scatter will so clearly require.)
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